Introduction
Direct (i.e., unmediated) protein electrochemistry has intrigued researchers over the years 1 in view of its importance in elucidating the intrinsic thermodynamic and kinetic properties of proteins in vivo [2] [3] [4] and its potential application in bioelectronic fields. 5, 6 Here, we report on the direct electrochemistry of cytochrome b5 (cyt b5) enhanced by dimethyl sulfoxide (DMSO) or N,N-dimethylformamide (DMF).
Extensive investigations were carried out after the first observation of the quasi-reversible electron transfer process of cyt c in the presence of an electrochemical "promoter", 7 towards exploring the direct electrochemistry of proteins, such as finding new electrode materials, 8 surface modifying techniques, 9 structural modification and mutation. 10 Recently, an intriguing strategy has been proposed. A heterogeneous electron-transfer rate of proteins was shown to be greatly facilitated by incorporating proteins in a surfactant or lipid films. 11, 12 These surfactants or lipid films mimic membrane environments in vivo. However, the explicit mechanism is still unavailable. As is well known, many redox proteins are strongly membraneassociated, and achieve their functions within somewhat apolar environments with a low dielectric constant. 13 It has occurred to us that there might exist a certain relationship between the electron-transfer reactivity of proteins and its apolar properties of membrane environments. The medium engineering approach, [14] [15] [16] i.e., controlling a protein's function by varying the solvent's properties, is then employed to explore such a relationship in our lab. We here report on an observation of the enhanced electron-transfer reactivity of cyt b5 by DMSO/DMF.
Cyt b5 is an important small membrane protein that participates in microsomal electron transfer reactions in vivo. 17 Its electron-transfer process at physiological charged interfaces, i.e., biomembranes, is fairly facile; however, it is the opposite case at electrode surfaces, another kind of charged interface. For example, no faradaic current can be observed for cyt b5 at a pyrolytic graphite (PG) electrode surface, unless in the presence of certain "promoters". 18 This might be due to an unfavorable conformation or orientation at the solid surfaces. Our main goal is to explore a novel way to obtain a direct electrochemistry of cyt b5 and probe into the relationship between its electrontransfer reactivity and solvent environment.
Experimental
Cyt b5 was extracted as a hydrophilic form obtained by proteolytic digestion of bovine liver microsomes, as described previously. 19 Water was purified with a Milli-Q purification system to a specific resistance >16 M cm -1 , and was used to prepare all solutions.
Electrochemical experiments were performed with a PARC 263A Potentiostat/Galvanostat (EG & G, USA), using a three-electrode configuration. A Multi-Block Heater (LAB-LINE Instruments Inc., USA) was employed to maintain the temperature at 20 ± 0.5˚C. A saturated calomel electrode (SCE) and a platinum electrode served as reference and counter electrodes, respectively. The potentials are reported with respect to a normal hydrogen electrode (NHE) unless specially specified. The working electrode was a homemade edge-plane PG electrode (A = 4.7 mm 2 ). The modified PG electrode was prepared as follows: it was first polished using rough and fine sandpapers. It was then polished to a mirror smoothness with an alumina (particle size of about 0.05 µm)/water slurry on silk. Finally, the electrode was thoroughly washed with water and then treated in an ultrasonic bath for about 5 min. A cyt b5 aqueous solution was mixed with DMSO, (v/v = 1) to a final concentration of 1 mg/mL cyt b5. A 10 µL volume of such a mixed solution was spread evenly onto the surface of a PG disk electrode with a microsyringe. Films were dried overnight at room temperature. These electrodes were thoroughly rinsed with water and then made ready for use. The solution for the experiment was first bubbled thoroughly with high-purity nitrogen. Then, a stream of nitrogen was blown gently across the surface of the solution in order to maintain the solution to be anaerobic throughout the experiment. Figure 1 shows the typical cyclic voltammograms (CVs) of cyt b5 obtained at a cyt b5 modified PG electrode, in a phosphate buffer solution free of the protein. The peak currents are proportional to the scan rates up to 1 V/s, indicating a surface process. The voltammograms are stable against repetitive cycles in several hours. The formal redox potential (E˚′) is -0.116 V (vs. NHE), estimated from the midpoint between the anodic and cathodic peak potentials of cyt b5. It is reported 20 that the formal potential of cyt b5 is around -0.078 V, which changes with variations of the surrounding environments. Thus, this value is lower than that previously reported, possibly due to a solvent effect or surface-confined process.
Results and Discussion
In order to exclude the possibility of a specific interaction between cyt b5 and DMSO, another kind of organic solvent, DMF, was employed. Similar results were obtained for cyt b5 deposited from a 50% DMF solution.
The effect of an organic solvent on the electron-transfer process of cyt b5 was further examined by varying the ratio of DMSO/water. Figure 2 displays a series of square-wave voltammograms (SWVs) obtained using a DMSO-water mixed solution with different ratios. It is obvious that no redox peak is observable in the case of using an aqueous solution (no DMSO), while in mixed DMSO/water solutions, the higher is the ratio of DMSO/water, the larger is the peak. In fact, in a CV experiment, which has a weaker resolution than SWV, the peaks corresponding to the redox reaction of cyt b5 are almost drowned by background currents when a 10% DMSO solution is used. These results clearly show that the electron-transfer process of cyt b5 is closely related to the content of the organic solvent.
Organic solvents are well known to induce conformational changes of proteins. However, proteins are not fully unfolded in most organic solvents, where they exist as a kind of intermediate state, such as molten globules. 21, 22 In fact, proteins often exist in non-native conformations, even under physiological conditions. For example, structural variations were also observed during the complex formation of cyt c and its natural electron-transfer partner, cyt c oxidase. 23, 24 A lowered environmental dielectric constant through the combination of peptide backbones has been suggested to modulate the electron-transfer rate between the two proteins. As is well known, organic solvents commonly have low dielectric constant (ε), for instance, εDMSO = 46.7, εDMF = 37.8, while εwater = 78.5. 25 It is thus feasible to use organic solvents as a model system for studying the relationship between the electron-transfer reactivity of proteins and the dielectric constants of solvents. 14, 15, [26] [27] [28] [29] According to this research, organic solvents can facilitate the electron-transfer reactivity of cyt b5. That the outer reorganization energy from the protein embedded in the environment decreases, if the dielectric constant of the environment is lowered, might be responsible for the enhanced electron-transfer reactivity. However, the exact mechanism is still unclear, and whether it can be generalized to other proteins. Further exploration is continuing in our lab.
In conclusion, it has been presented that the electron-transfer reactivity of cyt b5 is greatly enhanced, and direct electrochemistry is feasible through the effect of an organic solvent DMSO or DMF. A decreased outer reorganization energy of cyt b5, which comes from the lowered dielectric constant of the solvent, might contribute to such an enhancing effect. Because a cyt b5-modified electrode is simply obtained, it is also of possible use in bioelectric devices, including an amperometric biosensor. 30 
